Characterization of the cytoskeleton's viscoelastic properties is essential for understanding cellular dynamics in many biological functions of the cell, especially cell migration. The viscoelastic properties of the retracting NIH 3T3 fibroblasts are investigated here to shed light on the mechanics and dynamics of cell migration. A part of the cell is detached by electrochemically desorbing a gold-thiol self-assembled monolayer. The viscoelastic properties of the detached and retracting cytoskeleton are then estimated using time-sequential imaging combined with atomic force microscopy. The retracting cytoskeleton exhibits a threefold decrease in stiffness and a 30-fold increase in viscous damping capacity as compared to those in the adhered ͑stationary͒ cytoskeleton. © 2011 American Institute of Physics. ͓doi:10.1063/1.3556557͔
It is known that adherent cells experience a reversible polymerization/depolymerization process during which soluble actin monomers are combined/separated with accessory proteins in the cytoskeleton. This process is key to cell migration. Any irregularity in this phenomenon could undermine the biological functions of a cell, potentially causing serious pathophysiological consequences. 1 The mechanical properties of the cytoskeleton, therefore, must be quantitatively characterized for a better understanding of cellular dynamics.
There have been a variety of methods for measuring the physical properties of a cell: magnetic-particle-based cytometry, 2 micropipette aspiration, 3 optical tweezer, 4 fluid shear flow method, 5 cytoindenter, 6 atomic force microscopy ͑AFM͒; 7 see Ref. 8 for a comprehensive review. These methods were, however, used to characterize the physical properties of the adhered (i.e., stationary) cell. In this paper, the mechanical properties of the retracting (moving) cytoskeleton of NIH 3T3 fibroblasts are measured, along with a continuum mechanical model for the retracting cell ͑NIH 3T3 cells are mouse embryonic fibroblast cells, where the acronym 3T3 refers to the cell transfer and inoculation protocol for the cell line, and literally means ''3-day transfer, inoculum 3 ϫ 10 5 cells''.͒ Specifically, the viscoelastic properties of these cells are determined from the time-sequential images of cell retraction in conjunction with AFM indentation results.
When a cell migrates, its thin ͑Յ1 m͒ cytoskeletal layer experiences a typical strain profile as shown in Fig.  1͑a͒ . The cell extends and adheres to the substrate at 0 Յ t Ͻ t 1 ; the nucleus translocates at t 1 Յ t Ͻ t 2 ; the cell is detached and retracts at t 2 Յ t. A standard linear viscoelastic solid model composed of two springs k 1 , k 2 and one dashpot c ͓Fig. 1͑b͔͒ is used here to describe the retraction of a detached cell because it can take into consideration both creep and stress relaxation phenomena. The cytoskeleton is assumed as an isotropic and viscoelastic continuum. At STEP 1 ͑0 Յ t Ͻ t 2 , relaxation phase͒, the strain profile is expressed as ͑t͒ = 0 H͑t͒ where H͑t͒ is a Heaviside function. The initial stress at t = t 1 Ϸ 0 is 0 . The stress profile, obtained by the Laplace transformation of the stress-strain equation, enables us to find the stress in the cytoskeleton at t = t 2 Ϸ ϱ,
where k 1 and k 2 represent elastic spring constants in the model ͑see Fig. 1͒ . At STEP 2 ͑t Ն t 2 , creep phase͒, the stress is assumed as an inverted Heaviside function with a jump of t 2 at t = t 2 , ͑t͒ = t 2 ͓1−H͑t − t 2 ͔͒. After the Laplace transformation of the stress-strain equation, the strain normalized with respect to 0 , is given by ͑see details in the supplementary materials provided in Ref.
To acquire the time-sequential images of cytoskeletal retraction, a new biological platform for subcellular detachment ͓Fig. 2͑a͔͒ is microfabricated using optical lithography, e-beam evaporation, and lift-off. It consists of an array of gold electrodes patterned on a Pyrex glass substrate. microfabricated gold electrodes are functionalized with arginine-glycine-aspartic acid ͑RGD͒-terminated thiol to make the electrodes cell-adhesive, whereas the Pyrex glass substrate is coated with polyethylene glycol to achieve a cellresistive surface ͑see details of materials and method in supplementary material provided in Ref.
9͒. An RGD peptide is tethered to the gold electrodes via spontaneous chemisorption of thiol compound, R-S-H+Au→ R-S-Au+1/ 2H 2 where R is a substituent. Fibroblasts are loaded into the functionalized biological platform, and the cell adheres to the platform ͓Fig. 2͑b͒, left͔. Upon subcellular detachment ͓Fig. 2͑b͒, right͔, the gold-thiol self-assembled monolayer is reductively desorbed with activation voltage of Ϫ1.3 to Ϫ1.8 V, R-S-Au+H + + e − → R-S-H+Au. 10 This reaction leads to the detachment and retraction of one part of the cell placed on the activated gold electrode.
Our subcellular detachment experiments for fibroblasts were performed in the CO 2 independent media containing 10% fetal bovine serum ͑FBS͒ and 1% penicillinstreptomycin ͑pen-strep͒ at 36°C ͑see Ref. 9 for further details on materials and methods͒. An activation signal was produced by a three-electrode system where gold ͑of the biological platform͒, platinum, and Ag/AgCl electrodes play as working, counter, and reference electrodes, respectively. The strain profile of the retracting cytoskeleton ͓Fig. 3͑b͔͒ was acquired from the time-sequential images ͓Fig. 3͑a͔͒ and was normalized with respect to initial strain 0 . A mathematical expression which has the best fit to the experimental results of 20 fibroblasts was determined as ‫ء‬ = 0.799e −0.055t indicating k 1 / ͑k 1 + k 2 ͒ = 0.799 and k 2 / c = 0.055.
The above two equations were not enough for calculating the three parameters of k 1 , k 2 , and c. The elastic modulus of the retracting cytoskeleton was, therefore, measured with an Autoprobe CP AFM ͑Park Science Instruments͒ at a lowspeed of 10 nm/s which quantifies the elastic modulus without involving viscous damping. The elastic modulus was determined by measuring the deflection of an AFM tip which slowly indents on the detached cytoskeleton ͑further details can be found in supplementary material presented in Ref. 9͒ . Before indentations ͓Fig. 4͑a͔͒, the furthermost end of the protruding cytoskeleton of fibroblasts ͓indicated by "᭺" in the inset of Fig. 4͑b͔͒ was lightly held with a glass microcapillary ͑TransferTip-RP, Eppendorf͒ to prevent the retraction of the detached cytoskeleton after subcellular detachment, followed by AFM indentations ͓indicated by "+" in the inset of Fig. 4͑b͔͒ . After 24 h of cell loading, all indentations were carried out in the CO 2 independent media with 10% FBS and 1% pen-strep at a chamber whose temperature is maintained at 36°C.
The tip deflection as a function of AFM base displacement for the retracting subcellular region ͓Fig. 4͑b͔͒ shows the elastic modulus ͓k total = k 1 k 2 / ͑k 1 + k 2 ͔͒ is about 1320Ϯ 310 Pa, averaged from ten measurements. The indentation results were combined with the above normalizedstrain profile so that k 1 , k 2 , and c of the retracting cytoskeleton of fibroblasts were determined as 6567 Pa, 1652 Pa, and 300 37 Pa s, respectively. Compared to the previous results 7, 11 of k total Ͼ 4000 Pa and c Ͻ 100 Pa s obtained for the stationary fibroblast cells, the retracting cytoskeleton showed a threefold decrease in elastic modulus and a 30-fold increase in damping coefficient. These results suggest that a retracting cytoskeleton may become softer, and consequently has remarkable increase in damping coefficient after a few seconds of subcellular detachment. This phenomenon is likely owing to the gel-sol transition of actin filaments at subcellular detachment which changes the viscoelastic properties of the retracting cytoskeleton of fibroblasts. At subcellular detachment, the cross-linked network of actin filaments ͑coupled to focal adhesion͒ is likely depolymerized in the retracting cytoskeleton. Therefore, the stiffness of the cytoskeleton decreases while its viscous damping capacity increases.
In conclusion, this is the first report to measure the viscoelastic properties of the retracting cytoskeleton of 3T3 fibroblasts. The experimental results demonstrate that our method, combining the time-sequential images of subcellular retraction with AFM indentation experiments, can measure the viscoelastic properties of the moving cytoskeleton, offerinf better insight on cellular dynamics.
Financial support by the National Science Foundation through CAREER Award ͑CBET 0955291͒ is gratefully acknowledged. FIG. 4 . ͑Color online͒ AFM indentation. ͑a͒ Experimental setup. ͑b͒ Tip deflection as a function of AFM base displacement for the detached cell. The AFM tip is initially located above the cell when the AFM base displacement is zero. The AFM indentation is performed with decreasing the distance between AFM tip and cell ͑mov-ing to the right along the plot͒. The symbols of + and ᭺ are indentation and cell-holding positions, respectively. Scale bar is 20 m.
